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Abstract

Sastained load crack growth data for Ti-6Al-4V titanium alley in hydrazine per
MIL-P-26536 and refined hydrazine are presented. Fracture mechanics data on
crack growth thresholds for heat-treated forgings, aged and unaged welds, and
aged and unaged heat-affected zones arc reported. Fracture mechanics design
curves of crack growth threshold stress intensity versus temperature are generated
from 40 to 71°C.
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Sustained Load Crack Growth Design Data for Ti-6Al-4V
Titanium Alloy Tanks Containing Hydrazine

I. Introduction
A. Background

The current fracture control methods used by NASA
for acrospace pressurc vessels specify a fracturc me-
chanics analysis for cach pressure vessel design (Refs. 1-4),
This analysis requires that fracture mechuanics data on
sustained load crack growth (SLCG) be available for the
sclected pressure vessel material in all operating environ-
ments. As a result, the Mariner Jupiter/Saturn 1977
(MJS7T7) Project planned to generate sustained load crack
growth data for Ti-8Al-4V titanium alloy in hydrazise per
MIL.-P-26536 at 40°C (105°F) for the. MJS'77 Propulsion
Subsystem propellant tanks,

B. Low-Cost Systems Approach

Upon learning that the Space Shuttle Orbiter Auxiliary
Power Unit (APU) used MIL-P-26536 hydrazine at 66°C
(150°F), a proposal was made by the Low-Cost Standard-
ized Spaceeraft Equipment Project at JPL to the NASA
Low-Cost Systems Office to generate a fracture me-
chanics design curve for MIL-P-26536 hydrazine in
Ti-8Al-4V titanium alloy tanks for the Shuttle APU and
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for future users of ths NASA Standard Hydrazine Atti-
tude Control Thruster/Valve Assembly and the NASA
Standard Propellant (Hydrazine) Control Assembly,

By generating 60°C (140°F) and 71°C (160°F) data
on the same material heat being used for the 40°C data
dlready funded by the MJS'77 Proj- ', a master design
curve for the sustained load crack growth threshold
versus temperature could be obtained at little additional
cost, Cost studics showed that the first user beyond the
M]S'77 Project would totally amortize the additional cost,
Conseqgnently, agrecment to generate the master design
curve (sce Fig, 25) was reached with the people at the
NASA Johnson Space Center, who are responsible for
fracture control of the Space Shuttle,

C. Test Plan

The test matrix for the design data is shown in Table
L. Tests in refined hydrazine at 40°C were conducted to
tie the master design curve to the extensive amount of frac-
ture mechanies data for refined hydrazine that had
been gencrated for the Viking Project (Ref, 5). Tests at
40°C on welds and heat-affected zones (HAZ) that had

S e i i E
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Table 1.. Test matrix for SLCQ design data for Ti-6AI-4V titanium slloy in hydrazines

Test temperature, °C

Hydrazine composition Crack location Heat-treat condition

40 €0 K3
MIL-P-26536 Forging Fully aged (8TA) X X X
MIL-P-26538 Weld As welded (unaged) X X X

MIL-P-26536 Weld Aged afte, welding X
MIL-P-26536 HAZ As welded (unaged) X X X

MIL-P-26536 HAZ Aged after welding X

Refined Forging Fully aged (STA) X

Refined Weld As welded (unaged) X

Refined HAZ As welded (unaged) X

sExposure time was 24 11 {us all tests,

been aged after welding were included to make the de-
sign curve applicable to those tanks whose design allowed
aging after welding. Only unaged welds and HAZ were
tested. at all three temperatures because most hydrazine
tank designs did not permit aging after welding.

il. Materials

A. Forgings

Materials for all specimens were taken from Ti-8A1-4V
titanium. alloy pressure vessel forgings per MIL-T-9047
from Reactive Metals, Incorporated, Heat No. 301275.
All the material for all specimens was solution-treated at
954°C (1750°F) for 1 h, water-quenched to 20°C (88°F)
within 5 s, and then aged at 510°C (950°F) for 4 h. A
minimum of 0.25 cm was removed from all surfaces after
solution-treating and aging, Table 2 gives the chemistry
of the forging heat. The mechanical properties of the
solution-treated and aged (STA) forgings are given in
Table 3. Figure 1 shows a typical microstructure from the
forgings. Forging specimen orientation is shown in Fig, 2.

B. Welds and Heat-Affected Zones

Panels of the aged forging material were welded to-
gether by Pressure Systems, Incorporated, using the same
inert gas welding chamber, semiautomatic gas tungsten
arc welding cquipment, and procedures as were used to
weld the propellant tanks for the two MJS'77 spacecraft
to be launched in 1977 to Jupiter and Saturn (Ref. 6). The
weld panels were made to the MJS$'77 spacceroft propel-
lant tank weld joint configuration (Fig. 3). Two speci-
mens, LOW-25 and MJS-W-He-1, were from a pancl

made to the Viking Orbiter 1975 (VO'75) spacecraft
propellant tank weld joint configuration (Fig. 3). Weld
panel orientation is shown in Fig. 2.

After-welding, some of the specimens were aged for
4 h in argon of dew point less than —68°C (—90°F) at
510°C. Most of the specimens were tested with the welds
in the “as welded” condition with no aging after welding.

After welding, the welc' bead was machined from both
sides of the weld, and individual specimens were then
sliced from the weld parcls. Residual stress analysis
showed the weld specimens to be essentially free of resid-
ual stress,
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Fig. 1. Typical microstructure of forging materisl trom Reactive
Metals, Inc., Heat No. 301275 (Keller's etch)
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Table 2. Chemical composition of Ti-6Al-4V titanium alloy forgings from Heat No. RMi 301278

Percent by weight
C Fe N 0 H Al A Ti
0.024 0.14 0,008 0.18 0.0116 63 4.3 Balance

Table 3. Mean mechanics! properties and sample standard deviations of twelve different
pleces of Ti-6AI-4V (STA) titanium alioy from Heat No. RMI 301278

Ultimate strength, MPa

Yield strength, MPa

Elongation, % in 1.63 cm Reduction of area, %

X 1255 1165
c 34 34

8 45

Table 4 gives the oxygen, nitrogen, and hydrogen con-
tent of the unaged weld bead. Typical mechanical prop-
erties of the weld are presented in Table 5. Figure 4
shows a typical weld microstructure,

C. Propellants

The basic propellant used in this program was hydra-
zine (N;H,) per MIL-P-26536C, Amendment 1, Monopro-
pellant ‘Grade. Hereinafter, this propellant will be refer-
red to as MIL-Spec hydrazine, Additional tests at 40°C
were run in aniline-free, refined hydrazine of vety high
purity. Actual chemical compositions of the propellants
are shown in Table 6.

N=vO'75 SPACECRAFT
PROPELLANT TANK
WELD SOINT
CONFIGURATION

MJS'77 SPACECRAFT
PROPELLANT TANK WELD
JOINT CONFIGURATION

Fig. 2. Specimen location and orientation
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WELD SUBPANEL

1,58=cm
WALL

Fig. 4. Typical microstructure of MJS'77 spacecraft propellant

tank weld joint (Kroll's etch)
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Table 4, Oxygen, nitrogen, and hydrogen coniant of weid head
from specimen MJS.W-1

Tahle 8. Machanicsl propertios of “‘as welded’ welds from
Ti-BAI-4V titanium alloy, Heat No. RMI 301275

Pervent by weight

0 N i
0.14 0.0064 (0,088
0,13 0,0008

00111

Elongation,
“Fom D08 cn

Yiekl
strength, MPa

Ultimate
strength, M

1158 1048 3
1158 1041 3
124 1041 R

Table 6. Propellant compositions

Percent by weight

Constituent

Refined hydrazine

MIL-Spec hydrazine

Hydrazine (N ],
Water

Particulute
Chloride

Aniline

Iron

Nonvolatile residue
Carbon dioxide

Other volatile carbonaceous material:
e, UDMIL MM, aleohol

0,00005 * 0,00005

0.000074 ¥ 0,000005

89,0 0,02
0.62 * 0,03
0.5 +0.1

SO87 2 0,02
061+ 0.05
Not determined
00001 * 000005
* 0,0005 045 * 0.0005
000003~ 0.000005
0,0003 * 0,001

0.0027

0,002 0,001
0.0030 == 0.0005
J0.2
.12+ 0.05

0002+ 0.0005

Lol
0.1 005

The helium used for specimen MJS-W-He-1 met the
requirements of MIL-P-27407 with less than one part per
million of hydrocarbons and a dew point of --84°C
{(—120°F) (cf. Section V-A),

Ill. Procedures
A. Test Specimen Preparation

All tests were made on uniaxially loaded fracture me-
chanies specimens containing part-through cracks (PTC).
Specimens were configured and tested within the guide-
lines of ASTM Task Group E-24.0105 for the PTC
specimen (Ref, 7). General specimen geometry for all
three types ot speeimens is shown in Fig, 5.

An clectrical discharge machined (EDM) notch was
used to start the erack, The location of the EDM notch
for weld and HAZ specimens was determined by etching
the edge of cach specimen with Kroll's eteh,
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Fig. 5. Besic test specimen configuration

JPL TECHNICAL REPORT 32-1606

\‘ S3UJTY OF T"'m
pAGD B FOUR o




Precracking before sustained load -sting was done hy
eyclically loading the EDM notch in bending, A masi-
mum outer fiher evelic stress of 482.6 MPa (70 Ksi) was
used to initiate the preerack at the root of the EDM
noteh, and a mavimum onter fiber stress of 2765.8 MPa (40
ksi) was used to extend the preerack to the initial dimen-
sions of the sustained load test, A maximun-to-minimum
stress ratio of 0.1 was used for all cyclie loading,

After riccracking, all specimens  were cleaned to
the requirements for monopropellant propulsion systems
(Ret. 8).

B. Sustained Load Testing

Sustained loading equipment and  procedures were
essentially the same as those used by Masters and Titfany,
from whom the testing techniques were learned (Ref, 9),
Three specimens were loaded in tandem in a standard
creep testing machine, The applied stress intensity during
sustained loading was varied by changing the width of
the three simultancously loaded specimens. The test fluid
wis pressured into the crack tip viing cups sealed with
polytetrafluorocthylene O-ring scuis. A matching cup and
O-ring was used on the back face of the specimen so that
the uniaxial stress field in the specimen was unperturbed.
These procedures are deseribed in detail in Ref. 10.

C. Crack Growth Determination

After sustained load testing, the cracks were “marked”
by cyelic loading in air. Each specimen was then frac-
tured in air with a monotonically increasing load at 21
to 24°C (70 to T5°F) to measure its fracture toughness,
K,r. A loading rate of approximately 18.5 MPa/s was
used for these tests to simulate the rate of loading in a
pressure vessel proof test,

The fracture surfaces were examined in a Cambridyge
Stercoscan scanning clectron microscope (SENM) to mea-
sure uny crack growth which occurred during the sus-
tained load tests. Beeause the precrack and the mark
which were made by eyelie loading are so different in
fracture features from sustained Joad crack growth, as
little as 0.0002 e of growth can be acenrately determined.
For a 24-h test, this computes to be a crack growth rate
as small as 2 > 10V /s, Figure 6 is a graphic exaple
of the sensitivity of this technigue.

D. Stress Intensity Solution

The basic stress intensity nsed for the PTC specimens
was the familiar Griftith=Irwin relationship as modified
by Masters (Ref. 11):
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INTERGRAMULAR

FATIGUE PUCTILE
MARK RUPTURE
A =N —=A- \

fig. 6. SEM photomicrograph of boundary between fatipuc
“mark” and intergranutar ductile rupture zone showing capability
of growth measurement method (MJS-W-1)

K, - \V121=@a/Q)Mye (N

where
K, - stress intensity at the tip of a PTC
a  crack depth or minor semi-axis of a PTC
Q  ltrwin's flaw shape parameter
M, Master's magnification factor

s remote gross uniaxial tensile stress

The subscript ¢ denotes the initial condition at the start
of the sustained load test, while the subseript E denotes
the critical experimental fracture tougthness at 21 to 24°C
for the particular PTC specimen being tested,

E. Propeliant Analyses

Samples of the propellants were transferred  gelass
apsules without exposure to air, The capsule was plucvd
w a staindess steed fisture and the propellant frozen by
immersion in liquid nitrogen. The capsule tip was then
broken and the volume of noncondensible gases imea-
sured in a calibrated vacunm system. The hydrazine was
thawed and refrozen at— 30°C (- 22°F), Al materials
still in the gascons state at that temperatare {mainly
ammonia (NH,)| were measured, The purity of the resi-
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dual hydrazince was determined by gas chromatography,
which measures NH,, H,0, UDMH, and MMH. Aniline
was determined colorimetrically. Metal content was an-
alyzed by atomic absorption techniques, A turbidimetric
method was used for low concentrations of chloride.

IV. Results
A. Sustained Load Crack Growth Data

Sustained load crack growth data for all the specimens
are reported in Table 7. SEM photomicrographs of se-
lected typical specimens are shown in Figs. 7 through 13.

MARK

BOUNDARY
PRECRACK

Fig. 7. SEM photomicrograph of precrack and fatigue “mark’
typical of forging specimens exhibiting no SLCG (LCF-21)

MARK< ¥

N | PRE-
N | CRACK

Fig. 8. SEM photomicrograph showing 0.0152 cm of growth by
trs \sgranular ductile rupture of aged forging after 24 h at
97% of K,,. (LCF-23)

s . s ' .
REDROT NI 6 TEH

RARGUOE JERLS

-

MARK
PRECRACK

GROWTH
Fig. 9. SEM photomicrograph showing SLCG by intergranular

ductile rupture of unaged weld in MIL-Spec hydrazine at 40-
44°C at 50% of K,,. for 24 h (LCW-12)

PRECRACK

Fig. 10. SEM photomicrograph showing SLCG by intergranular
ductile rupture of unaged weéld in MIL:Spec hydrazine at 40-
44°C at 639, of K,,. for 24 h (LCW-11) oA

MARK

PRECRACK

Fig. 11. SEM photomicrograph of precrack and ‘‘mark’’
typical of HAZ specimens exhibiting no SLCG (LCH-3)
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Fig. 12. SEM photomicrograph showing SLCG by trarisgranular
ductile rupture typical of unaged HAZ in hydrazine (MJS-H-6)

Fig. 13. SEM photomicrograph of growth by transgranular duc-
tile rupture of unaged weld in helium at 21-24°C at 86% of
K, for24 h (MJS-W-He-1)

The STA forging material was found to be unaffected
by cither propellant. The center of the unaged weld
metal was found to be the most susceptible to SLCG
in both propellants. The susceptibility of the unaged
HAZ was intermediate between the STA forging and
the unaged weld. Aging the weld and HAZ after welding
completely eliminated the susceptibility of the weld and
HAZ to SL.CG due to hydrazine. Both the unaged weld
and unaged HAZ were more susceptible to SLCG in
MIL-Spec hydrazine than in refined hydrazine,

The microstructure of this alloy can be simply de-
scribed as transformed alpha-beta platelets within prior
beta grain boundaries. The forged material also has a
primary alpha phase which does not exist in the weld.

10

The prior beta grains are very small in the forging and - —.

cannot usually be seen (Fig. 1). However, in the weld,
the prior beta grains are as long as the weld is thick,
and the alpha-beta platelets form a network of low-angle
subgrains (Figs. 4, 14).

All' crack growth observed in aged.forging specimens
was transgranular ductile rupture like that seen in Fig. 8.
All crack growth in unaged HAZ was transgranular
ductile rupture typified by Fig. 12. No growth was seen
in aged HAZ,

Both aged and unaged welds showed two types of
growth: intergranular ductile rupture along the low-
angle subgrain boundaries (Figs. 14 through 17) and
transgranular ductile rupture at approximately 45 deg
to the low-angle subgrain boundaties (Fig. 18).

No particular trend in weld fracture mode could be
seen with respect to SLCG, rapid fracture in air (Kx
tests), or propellant chemistry. Both types of fracture
were found in SLCG in both propellants. Both types of
fracture were also found in rapid fracture in air, Fast
fracture in air could not be determined fractographically
from SLCG in hydrazine (compare Figs. 16 and 17). The
only apparent difference betweer SLGG in hydrazine
and rapid fracture in air was the stress intensity at which
each occurred. SLCG in helium was cntirely transgranu-
lar ductile rupture (Fig. 13).

When extensive SLCG occurred, the greatest amount
of growth was to the side rather than at the center of
the crack, w ere the stress intensity is greatest (Fig. 19).

Fig. 14. Photomicrograph showing SLCG along low-angle sub-
grain boundaries of unaged weld (MJS-W-1; Kroll's etch)
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Fig. 15. SEM photomicrograph showing SLCG by intergranular Fig. 17. SEM photomicrograph of rapid fracture in air by inter-
ductile rupture along low-angle subgrain boundaries of unaged granular ductile rupture along low-angle subgrain boundaries
weld in refined hydrazine at 40-44°C at 729%, of K, for 24 h of unaged weld (MJS-W-1) |
(MISW-1) |
]
4
!
o
[ —
2 patn
Fig. 16. SEM photomicrograph of SLCG by intérgranular ductile Fig. 18. Photomicrograph showing transgranular fracture
rupture along low-angle subgrain boundaries of unaged weld in across low-angle subgrains (MJS-W-1; Kroll's etch)
refined hydrazine at 40-44°C at 729, of K,,. for 24 h (MJS-W-1) !
. |
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Fig. 19. SEM photomicrograph showing more SLCG to the
gide than at the center of the crack (MJS-W-6)

Also, specimens LCW-15 and MJS-W-1 show growth
only to the side (Table 7). Masters has suggested that
this phenomenon is due to a lower fracture toughness
of the material in this direction (Ref. 11).

B. Fracture Toughness Data

The experimental fracture toughness K, at 21 to 24°C
of each of the SLCG specimens is reported in Table 8.
Data for specimens LCF-25, LCW-24, LCH-11, and
LCH-22 arc not included, either because the final flaw
was too deep for full clastic constraint at the tip of the
PTC or because the specimen broke during marking.

V. Discussion
A. Role of Hydrazine in SLCG of Unaged Welds

Because the fracture mode for SLCG of the unaged
weld in hydrazine and the fracture mode for rapid frac-
ture in air were indistinguishable fractographically, a
question arose concerning the susceptibility ef the un-
aged weld to SLCG in helium commonly used to pres-
surize hydrazine tanks. Therefore specimen MJS-W-He-1
was tested in helium at 21 to 24°C at 86% of K. for
24 h. Only 0.0025 cm of growth occurred at this level in
helium, thereby showing that the SLCG in the unaged
weld scen in hydrazine at much Jower applicd stress
intensities was actually caused by the hydrazine. Also,
some concern arose that the high susceptibility of the
unaged weld to SLCG in hydrazine might be unique to
the MJS77 spacecraft propellant tank weld joint con-
figuration, so specimen LCW-25 from an unaged weld
panel of the VO'75 spacecraft propellant tank weld joint
configuration was tested. This specitnen showed identical

12 REPRODUCIBILITY oF (1.
ORIANAL PAGE 18 POOR

SLCG in hydrazine to that seen in the other specimen
(Table 7).

B Design Curves

Reference 1 describes in detail the application of
fracture mechanics data to pressure vessel design, There-
fore, only the design curves seen in Figs. 20 through 25
will be presented here. The authors chose to plot the

12 © NO GROWTH ' T
® GROWTH
1.1k NUMBERS BESIDE SYMBOLS GIVE APPLIED i

STRESS INTENSITY IN MPa/m AND
AMOUNT OF GROWTH IN CENTIMETERS (PARENTHESES).

1.0 -

962,3(0,0152)
0.9+ 056.7 :57.8 ig:ggg B
w .$3.8 0.0051
< 0.8k CRACK GROWTH THRESP!OLD .
g.: 47 3 51.5647 8
045.9
0.7 -
39.0042,0
0.6 039.8 _
0.5} -
0.4 1 } 1 1
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TEMPERATURE; °C

Fig. 20. Temperature versus SLCG threshold for 24-h exposure
of aged Ti-6Al-4V forgings in MIL-Spec hydrazine

1.2 | T
0 NO cao TH
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¥ (0 0102)
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Fig. 21. Tem~erature versus SLCG threshold for 24-h exposure
of ur.aged Ti-6A1-4V welds in MIL.Spec hydrazine
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Table 8. Experimental fracture toughriess (K, ) data for Ti-6AI-4V forgings, welds, and HAZ

v B Goe o

b
',

A

Specim Width Thick-  Failure S:;t:: 1:::; o | 9
pevimen o g ness, stress, a, 2, ';’;' Q My MPa/m Material
cm MPa om om
-2 2962 0403 8658 0145 0655 079 125  1.08 60.9 Forging
-8 2959 0397 8609 0152 0627 078 131 108 61.0 (aged)
-4 2974 0398 9243 0150 0648 084 125 108 66.2
-7 2774 0400 9328 0150 0632 085 127 1.08 66.3
-8 2771 0898 8973 0150 0630 081 128  1.08 63.4
-9 2788 0397 8801 0150 0635 080 129 1.8 62.0
213 2984 0402 7631 0.168 0818 089 125  1.09 59.5
-14 8178 0399 9568 0130 0577 087 124  1.05 63.3
.15 8183  0.397 8831 0147 0630 080 128  1.08 62.0
-17 8071 039 8803 0170 0671 080 134 107 65.5
-18 2550 0394 8235 0168 0757 075 1268  1.09 63.8
219 2774 0394 8099 0163 0798 073 122 1.09 62.9
-21 2967 0403 8927 0145 0617 081 128 105 61.4
22 2494 0403 8229 0142 0729 075 119 108 58.8
28 2492 0400 8122 0178 0785 074 128  1.09 64.3
24 3180 0402 7523  0.157 0.798 068 122 108 56.9
26 2583 0401 7186 0218 0739 065 152 111 59.0
27 2499 0403 7108  0.249 0765 064 163 119 60.7
28 3178 0898 8482 0157 0668 057 129  1.05 80.7
-20 2680 0396 8043  0.175 0742 073 131  1.09 62.5
30 2670 0400 8383 057 07286 056 123 107 62.6 1
-2 3218 0408 7423 0203 0630 083 155 107 56.0 Weld
-3 3388 0399 7412 0201 0638 083 153  1.08 56.5 (unaged)
-4 3048 0407 6939 0951 0559 077 161 112 59.9
-5 3213 0405 6922  0.190 0739 077 137 109 54.8
-6 8383 0403 6959 0206 0645 078 156  1.09 53.7
-7 8051 0404 6814 0211 0663 076 156 1.0 528
-8 3216 0409 6808 0211 0671 076 155  1.08 529
-9 3388 0408 T340 0208 0650 082  1.53 108 56.7
-0 8051 0403 6832 0093 0640 076 151 107 51.0
-11 3152 0403 6296 008 065 050 147 Lo8 474
-12 3.256 0.403 808.1 0,180 0.589 0.90 1.45 1.06 38.9
A3 3051 0399 7049 0088 07N 059 138 L0 55.3
14 347 0409 6879 0201 0685 07T 151 108 52.9
A5 3231 0398 6287 0.170 0627 050 143 107 453
-16 3.048 0.400 626.0 0.188 0.627 0.70 1.53 1.07 458
17 3T 0409 T030 0196 0627 059 154 10T 52.3
A8 3251 0409 6766 0.203 0840 076 156 107 50.9
A9 3045 0309 TALE 02160 0795 084 138 102 65.1 Weld
21 33T 0401 6187 0274 0516 069 185 LIO 511 aged)
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Tabile 8 (cantd) |

Crack Crack |

k- Tem-
Spc;,i;nen w("(rir:h’ 1;?0‘:: I:::::f dc:th lc;f'th %‘ (0] M, \ "’:: ""/'.5. Material  perature,

om MPa om om va A °C ‘:
LCW 23 3147 0408 5410 0241 0777 060 158  LI1o 462 Weld 21.24 |
(contd)os 3175 0284 8357 0150 0673 093 120 L4 65.6 (aged) .
2194 2545 0282 8555  0.042 0589 096G 124  LI2 63.3 :
2LA 2865 0280 742 0152 0627 083 129 114 56.6 !
21A 8178 0284 7058 0155 0605 079 135 113 52.8
LCH -1 227 0400 9430 0211 0592 088 162  1.08 748 HAZ |
-2 2410 0402 8972 0203 0617 093 154 107 68.0 (unaged) "
-3 2537 0404 8308 0216 0627 086 163 107 63.1 :
-4 297 0408 7855 0257 0732 08 168 110 66.3 -
-5 2418 0404 8826 0211 0678 091 148  1.09 70.8 |

-6 2543 0398 7993 0246 0728 083 162 L1l 67.5

-7 2286 0402 9000 018 0640 083 142 107 8.2

-8 2493 0408 9062 0190 0635 094 144 107 68.8
-9 2540  0.398 703 0208 0676 090 147 108 69.0 |
210 2421 0404 8168 0229 0698 085 157 1.9 66.3 ‘
212 2545 0403 9569 0198 0643 099 145  1.08 74.5 |
A8 2418 0404 710 0208 065 080 151 108 68.1 i
A4 S4T9 0 0402 9380 0180 0605 097 142 1.07 69.8 a
215 2550 0404 9132 0218 0635 095 1.60 107 70.3 |
-18 2418 0404 892.4 0218  0.668 0.92 1.52 1.08 70.8 }
21T 2482 0405 9804 0183 0615 100 140 107 74.0 te
.18 2545 0405 9013 0201 0615 093 153 1.07 68.1 ] 4
19 23299 0405 8020 0354 0711 083 167 110 7.0 HAZ {
20 2423 0403 8277 0244 0645 086 177 107 64.1 (aged) :
21 2545 0401 9250 0190 0610 096 148 107 69.2 \ .
MJSSW- 1 3038 0401 7210 0195 0653 081 145 108 55.1 Weld ‘
-4 8051 0403 8167 0183 0612 091 144 107 6.7 (unaged) ‘ }
-5 3150 0402 4681 NIS3 0612 083 146 1.07 55.1 1 |
-6 3254 0404 6317 0241 0653 071 135 107 489 i
MIS-H - 1 2337 0402 9022 0173 0734 02 27 108 200 HAZ :
-2 2,408 0.400 914.2 0,180 0,537 0.83 1.30 1.08 T34 (unasged) i
-3 2286 0407 H8Y.5 0.165 0511 0.90 1.25 107 75.1 |
-4 2.540 0.407 956.6 0.188 0.549%) 0,99 1.47 1.06 07 1
-5 2,484 0.407 LAD R 0.196 0.6.30 1.00 143 1.07 T6.4 ;
-6 2,421 0.403 008.8 0.198 0.607 0.494 1.49 1.07 .1 ' 1‘
:
MJS-W. a
He -1 2080 02835 7239 0211 0324 0N 145 148 60 Weld ,4
(unaged? 1
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-1 Fig. 22. Temperature versus SLCG threshold for 24-h exposure Fig. 24. SLCG threshold versus time for aged Ti-6Al-4V forg-
v of unaged Ti-6Al-4V HAZ in MiL-Spec hydrazine ings, aged welds, and aged HAZ in MIL-Spec hydrazine at !
al 40-44°C
it
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=3 1
’ 1
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design curves as functions of the applied stress intensity
ratio K;;/K;r, becausc it is their opinion that this ratio
is the true material property controlling SLCG for this
alloy in.these environments. The actual applied stress
..ensity Ky, is recorded alongside each data point for
the bencfit of those whose design approach is based on
this paramcter only, The erack growth thresholds are

(2) Aging both weld metal and HAZ at 510°C for 4.h

after welding completely removes all susceptibility
to SLCG induced by hydrazine, as ean he scen by
comparing the 509 threshold of Fig, 21 to the
807 threshold of Fig, 24,

recommended on the basis of the observed crack growth (3) It is not known whether the growth observed in
rates. No threshold above 809 of K;» was recommended the aged forgings, welds, and HAZ at stress inten-
hecause of the SLCG observed in helium, sitics above 80% of K, was actually SLCG or
suberitical growth on loading. The extremely low
The apparent decrease in susceptibility to SLCG at amounts of this growth such as seen in specimen
the higher temperatures seen in Figs. 20 through 22 is LCF-23 suggests that the aged forging, welds, and
believed to be caused by plotting the data for all tem. HAZ may have a very sharp R-curve (Ref, 12).
peratures as a function of the inverse of K, at 21 to
24°C. The actual K, at the higher sustained load test
temperatures is higher than K, at 21 to 24°C. Therefore, (4) Unaged weld metal and unaged HAZ are less sus-
the ratio of applied stress intensity at the sustained load coptible to SLCG in refined hydrazine than in
test temperature to the fracture toughness at the sus- MIL-Spee hydrazine (compare Figs, 21, 22, and 23).
tained load test temperature, Ki(7T1°C)/K(7T1°C). is ’
actually lower than the ratio that was plotted.
(5) Aged forgings, aged and unaged welds, and aged
. and unaged HAZ made from aged forgings do not
VI. Conclusions exhibit t!lzw SLCG lichavior at lﬁw stress intensities
(1) Extreme susceptibility to SLLCG in hydrazine s a in inert environments that was reported in Refs,
universal property of unaged weld metal in Ti- 13, 14. and 15 for anncaled Ti-8Al-4V plate in
6A1-4V titanium alloy of normal interstitial content. inert environments,
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